Introduction
Aluminum alloys and composites have been widely studied as structural materials, even though they lack strength and rigidity when compared to iron and copper alloys. These materials suffer at high temperature due to their low melting point (660°C) and decreased strength at temperatures above 300°C [1] . Despite these drawbacks, the demand for highstrength aluminum and its alloys is increasing. Aluminum matrix composites have the potential to overcome the shortcomings of the monolithic aluminum and to offer desirable properties, including low density, high specific strength, high specific stiffness, excellent wear and corrosion resistance, and controllable expansion coefficient, which make them attractive for numerous applications in aerospace, automobile, and military industries. Aluminum alloys and composites hold particular promise in high-efficient thermal management from semiconductor microelectronics to high-power electronic devices. Such needs have propelled the development of advanced materials to effectively dissipate heat [2] [3] [4] [5] . In recent years, a great deal of research interest had focused on particulate-reinforced aluminum metal matrix composites (MMCs) which exhibit high thermal conductivity, light weight, and desirable coefficient of thermal expansion (CTE) [5] [6] [7] . However, a high volume fraction of loading materials (such as, SiC, Si 3 N 4 , TiN, BN, Mg, Al 2 O 3 , and carbon fiber) is required to accomplish the desirable thermal conduction and good match in CTE. Pressurized infiltration process was explored as an effective method for the production of highly dense aluminum MMCs with large fraction of loading materials [8, 9] . Particulate-reinforced composite materials are usually difficult to machine due to high hardness of their contents. With advances in carbon nanotechnology, carbon-nanostructure-infused composites have emerged as attractive materials with high thermal and electrical conductivity, light weight, and desirable mechanical properties [10] . Recently, carbon-infused metal composites, which have significantly lower (\ 10%) concentration of carbon contents and still exhibit enhancement performance in electrical and thermal conductions, have attracted increased research interest. For example, Salamanca-Riba et al. [11] and Jaim et al. [12] reported carbon-nanostructure-reinforced silver and aluminum materials that exhibit superior thermal conduction. Balachandran et al. [13] reported the enhanced electrical and thermal properties of nanocarbon-infused copper alloys. Incorporation of carbon nanostructures into base metal alloys can not only promote their electrical and thermal conductivities but also improve the mechanical properties of aluminum alloys [14] [15] [16] [17] [18] .
According to recent reports [10] [11] [12] [13] , carbon-metal composites can be produced by an electrical-currentassisted process through heating the metal/alloy to melting, followed by stirring/mixing in different carbon structures (such as activated carbon flakes, graphite powders, carbon nanotubes, or carbon fibers) while applying large current of several-hundred amperes in an inert gas protection environment [19] and then pouring the molten metal liquid into molds for cooling and solidification. A significant challenge for the materials processed by this method is their high concentrations of micrometer-sized pores, which lead to lowered bulk density and, hence, hinder the performance of thermal conduction. Melting and electromagnetically stirring a molten metal in high-vacuum environment can potentially release gas bubbles trapped inside the materials. Vacuum processing and treatment can result in alloys of higher densities, better uniformity in chemical composition, and improved physical properties [20] . In an attempt to eliminate microporosity, we investigated utilizing high-vacuum (* 10 -6 torr) electron-beam melting and electromagnetic stirring process to produce high-performance graphite-infused aluminum composites. In this paper, for the first time, we report thermal conductivity and microstructural characterization of aluminum-graphite composite materials with zero percent and 4% by weigh graphite infusions produced by electron-beam melting under high-vacuum environment.
Experiment
Aluminum granules (99.9% purity metal basis) acquired from Alfa Aesar (Haverhill, MA) and graphite powder (99? % purity) acquired from Fisher Chemical (Waltham, MA) were used as starting chemicals. Approximately 20 g of aluminum granules (without addition of graphite powder) and a & 20 g mixture of aluminum with 4 wt% graphite powder were loaded into two electron-beam melting hearths with vitreous carbon (VC)-coated graphite liners inside an electron-beam melting chamber. The multi-pocket electron-beam melting hearth is made of copper with circulating water cooling. After the samples were loaded into the vacuum chamber, it was pumped over night to achieve a chamber base pressure of & 1 9 10 -7 torr before the melting starts. The electron-beam melting system was operated at 8.0 kV with a beam current up to 70 mA. The position of the electron beam was controlled by low inductance x-and y-coils with dynamic defocusing capability. This allows x-and y-direction-independent rastering that can be used for stirring the molten metal contained inside the liner crucible. A K-type thermocouple was inserted into the melting hearth for monitoring the actual temperature during melting process. After the aluminum granular or the precursor mixture was completely melted, the melton metal was stirred for & 30 min with electromagnetic stirring before turning off power to the electron beam. Then, the melted sample was left inside the hearth liner to cool down under vacuum. Because the electron-beam hearth is water cooled, it takes only & 20 min for the hearth to cool down to room temperature after power to the electron beam was turned off. Finally, the chamber was backfilled with nitrogen to ambient pressure, and the chamber was opened, and processed samples were retrieved.
Specimens of an aluminum melt without graphite addition (AlCv0) and one with 4 wt% graphite infusion (AlCv4) were cut to appropriate size, polished, and coated with graphite for thermal conductivity testing using a Netzsch LFA 467 HyperFlash tester (Netzsch Instruments North America, Burlington MA) following ASTM E1461 and ASTM E2585 standards [21] . Heat capacity and thermal conductivity were determined by flashing method [22] using a high-purity copper standard sample acquired from Netzsch Instruments North America as reference. Specimens of each type were prepared for density measurements following Archimedes' principle using laboratory-grade isopropyl alcohol (better than 99% pure, Fisher Chemical, Fair Lawn, NJ) as the immersing fluid. X-ray diffraction (XRD) was conducted with a Bruker AXS D8 Discover diffraction system (Bruker AXS North America, Madison, WI). Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) were performed with a Hitachi S-4700-II and an FEI Tecnai F20S S/TEM system, respectively. A site-specific cross section sample was lifted out at the boundary of aluminum and graphite phases by a Zeiss 1540XB CrossBeam focused ion beam FE-SEM system (Carl Zeiss Microscopy, Thornwood, NY). This sample was further thinned down to less than 100 nm by a Gatan precision ion polishing system (PIPS) II (Gatan Inc., Pleasanton, CA). Figure 1a , b shows the XRD patterns of the aluminum melt without graphite (AlCv0) and the melt with 4 wt% graphite (AlCv4), both of which were prepared by electron-beam melting. Also included is the XRD pattern of the precursor mixture that was used for preparation of AlCv4 (shown in Fig. 1c ). All peaks in the measured XRD patterns shown in Fig. 1 can be indexed according to JCPDS cards for Al (JCPDS 01-089-4037), graphite (JCPDS 03-065-6212), and Al 4 C 3 (JCPDS 03-065-9731). The XRD data reveal that the AlCv0 sample is essentially phase-pure aluminum, while AlCv4 is a composite that consists of aluminum, aluminum carbide (Al 4 C 3 ), and a traceable amount of unreacted graphite. The Al 4 C 3 does not exist in the precursor mixture of Al with 4 wt% graphite addition (as shown in Fig. 1c) . The fact that AlCv0 melt contains no Al 4 C 3 (Fig. 1a) indicates that aluminum is not reactive to VC-coated graphite liners during electron-beam melting process under high vacuum. The AlCv4 melt produced by electron-beam melting in vacuum contains small amount of Al 4 C 3 and traceable amount of unreacted graphite as illustrated by the X-ray diffraction pattern shown in Fig. 1b . This suggests that aluminum reacts with graphite during electron-beam melting and forms Al 4 C 3 . This reaction can be expressed as,
Results and discussion
ð1Þ Figure 2 shows fracture-surface SEM micrographs of AlCv4 produced by electron-beam melting. We observed a darker phase of 10-50 lm in size uniformly dispersed in the sample matrix. Energy-dispersive X-ray spectroscopy (EDS) revealed that the lighter color matrix phase is aluminum, and the darker phase is carbon rich. The carbon-rich phase likely consists of aluminum carbide and unreacted graphite. These pockets of carbon-rich phase are completely enclosed and homogeneously distributed inside the aluminum matrix. To understand the structural and elemental characteristics of the darker phase, we conducted STEM and EDS analyses of a site-specific cross section specimen (& 10 lm 9 15 lm and & 100 nm thick) that was prepared by use of a focused ion beam (FIB) and polished by precision argon ion polishing using a Gatan PIPS. Figure 3a shows a high angle annular dark field (HAADF) STEM image of the cross section specimen prepared from a carbon-rich region by FIB. The HAADF image collected with large cutoff angles ([ 75 mrad) shows little or no diffraction effects, and the intensity is approximately proportional to the square of elemental number. We also obtained tomographic information of this specimen (& 100 nm thick) under investigation. Figure 3b shows STEM/EDS elemental mapping with red and green colors assigned to carbon and aluminum, respectively. It is evident that there is contrast variation in the aluminum-rich area. This variation is associated with carbon content. Figure 3c shows high-resolution composition mapping of the highlighted area in Fig. 3b (outlined by yellow dashed  line) . Three phases of distinct phase compositions (P1, P2, and P3) were identified by Bruker autophase quantitative analysis. The P2 phase, as highlighted by the blue color in Fig. 3c , is associated with the Al 4 C 3 phase, based on autophase analysis. Al 4 C 3 phase mainly exists near the interface between the Al (P1 phase, highlighted by green color) and C (P3 phase highlighted by red color). There are & 71% P1, & 18% P2, and & 11% P3 in the area determined by STEM/EDS autophase analysis, as shown in Table 1 . Please note that this tiny area of & 50 lm 2 where we performed STEM/EDX mapping/analysis is within a specimen prepared from a pocket of graphite-rich phase. The carbon within this area is expected to be considerably higher than that in the matrix phase (P1) which contains & 2.7% C. Fig. 3c . It revealed crystallites of various orientations. We conducted selected area diffraction (SAD) analysis on several crystallites of size 1-2 lm. The thickness of the specimen was & 100 nm. The crystallites highlighted by ''A,'' ''B,'' and ''C'' in Fig. 4a do not overlap with other grains. The SAD patterns obtained at these grains are shown in Fig. 4b-d , respectively. The SAD pattern in Fig. 4b corresponds to face-centered-cubic aluminum along the [001] zone axis. The SAD patterns shown in Fig. 4c, d correspond to rhombohedral-structured Al 4 C 3 measured along [006] and [110] zone axes, respectively [23] .
The bulk densities of samples AlCv0 and AlCv4, as determined by Archimedes' principle using isopropyl alcohol (density = 0.7855 g/cm 3 ) as the immersing medium, are 2.69 and 2.66 g/cm 3 , respectively. Theoretical density values of 2.70, 2.267, and 2.36 g/cm 3 have been reported for Al, graphite, and Al 4 C 3 , respectively [24, 25] . Considering a homogeneous mixture of 96% Al and 4 wt% graphite, its density would be 2.68 g/cm 3 . Therefore, the measured density of AlCv0 and AlCv4 is 99.5 and 99.3% of their theoretical densities, respectively. The less-than-100-percent density of the AlCv4 sample is possibly due to incomplete graphite dissolution and the formation of small Al 4 C 3 crystallites in the matrix of aluminum, as illustrated by the SEM and STEM results discussed earlier. Even though the formation of Al 4 C 3 with presence of graphite in aluminum melt is inevitable [25, 26] , we successfully formed highly dense (99.3% of theoretical density) aluminum composite with 4 wt% added graphite by vacuum melting and electromagnetic stirring. In the AlCv4 sample, all Al 4 C 3 particles are small (1-2 lm) and completely enclosed within the Al matrix. After longterm exposure of the AlCv4 sample to ambient atmosphere, we observed no devastating effects on material integrity. This is another indication that the Al 4 C 3 particles are completely enclosed within aluminum and, thus, nonreactive to moisture in air. Figure 5 shows the thermal diffusivity and thermal conductivity of the AlCv0 and AlCv4 samples. Specimens used for thermal diffusivity measurements are 10.0 mm 9 10.0 mm and & 2 mm in thickness. During the testing, one side (front side) of the specimens is irradiated with pulsed xenon light (& 300 ms pulse width) and the temperature is detected by InSb infrared detector at the other side (back side). The thermal conductivity is calculated from the following equation [21] ,
where k, a, q, and C p are thermal conductivity (W/ m K), thermal diffusivity (mm 2 /s), density (g/cm 3 ), and specific heat (J/gÁK) of the sample, respectively. Density of the specimen was determined following the Archimedes' principle using laboratory-grade isopropyl alcohol. Specific heat was determined by flashing method [21] using a copper reference sample acquired from Netzsch Instruments. Thermal diffusivity is determined from the following equation [21, 27] ,
where L is specimen thickness and t (s) is the half rise time, i.e., the time required for the back side surface temperature rise to reach one half of its maximum value after irradiation by flash xenon light. 
Conclusions
In summary, we investigated the microstructure and thermal conductivity of aluminum with 0% (AlCv0) and 4% (AlCv4) by weight graphite infusion prepared by electron-beam vacuum melting with electromagnetic stirring. Bulk density of 2.69 and 2.66 g/ cm 3 was measured for AlCv0 and AlCv4, respectively. Both materials exhibit high density [ 99% of their theoretical values. The XRD results suggest that AlCv0 is phase-pure aluminum, and AlCv4 comprises of aluminum, traceable amount of Al 4 C 3 , and unreacted graphite. High-resolution STEM studies of a specimen of Al 4 C 3 prepared by FIB from a carbonrich area revealed that Al 4 C 3 crystallites of 1-2 lm exist in the aluminum matrix near the outer shells of pockets of carbon-rich phase of 10-50 lm. At room temperature, the thermal diffusivity was 95.2 and 45.3 mm 2 /s for AlCv0 and AlCv4, respectively, and the corresponding thermal conductivity was 226.7 and 107.8 W/m K. The thermal conductivity of AlCv0 is comparable to that reported for carbonfiber-reinforced Al composite measured along longitudinal direction, while the thermal conductivity of AlCv4 is & 35% higher than that reported for carbonfiber-reinforced Al composite measured along the transverse direction. Our work demonstrated the feasibility of producing pore-free high-density ([ 99% dense) graphite-infused aluminum composites by electron-beam vacuum melting with electromagnetic stirring.
